Clearing cellular debris after brain injury represents an important mechanism in regaining tissue homeostasis and promoting functional recovery. Triggering receptor expressed on myeloid cells-2 (TREM2) is a newly identified receptor expressed on microglia and is thought to phagocytose damaged brain cells. The precise role of TREM2 during ischemic stroke has not been fully understood. We explore TREM2 in both in vitro and in vivo stroke models and identify a potential endogenous TREM2 ligand. TREM2 knockdown in microglia reduced microglial activation to an amoeboid phenotype and decreased the phagocytosis of injured neurons. Phagocytosis and infarcted brain tissue resorption was reduced in TREM2 knock-out (KO) mice compared with wild-type (WT) mice. TREM2 KO mice also had worsened neurological recovery and decreased viable brain tissue in the ipsilateral hemisphere. The numbers of activated microglia and phagocytes in TREM2 KO mice were decreased compared with WT mice, and foamy macrophages were nearly absent in the TREM2 KO mice. Postischemia, TREM2 was highly expressed on microglia and TREM2-Fc fusion protein (used as a probe to identify potential TREM2 binding partners) bound to an unknown TREM2 ligand that colocalized to neurons. Oxygen glucose deprivation-exposed neuronal media, or cellular fractions containing nuclei or purified DNA, but not cytosolic fractions, stimulated signaling through TREM2. TREM2-Fc fusion protein pulled down nucleic acids from ischemic brain lysate. These findings establish the relevance of TREM2 in the phagocytosis of the infarcted brain and emphasize its role in influencing neurological outcomes following stroke. Further, nucleic acids may be one potential ligand of TREM2 in brain ischemia.
Introduction
Microglia represent the first line of defense against brain injury, such as stroke, and are rapidly mobilized to the site of injury. They not only initiate effector molecules and the recruitment of other immune cells, but also act as a scavenger for damaged cells (Schilling et al., 2005) . In recent years, numerous studies (Yenari et al., 2010; del Zoppo et al., 2012) have addressed the microglial functions of chemotaxis, and the secretion of proinflammatory and anti-inflammatory cytokines, growth factors, chemokines, proteases, and neurotrophins. However, reports of microglial phagocytosis are surprisingly limited. Several microglial phagocytic pathways have been demonstrated to date (Fu et al., 2014) , and efficient clearance of tissue debris is thought to be critical in the reconstruction and reorganization of neuronal networking after brain injury. Whether microglial phagocytosis plays a beneficial or detrimental role in brain diseases remains controversial. One newly identified receptor that may be involved in microglial phagocytosis is triggering receptor expressed on myeloid cells-2 (TREM2), and recent studies have shown that TREM2 is detected exclusively on myeloid cells, including brain microglia. TREM2 was originally described as being involved in the phagocytosis of various pathogens (Daws et al., 2001) . TREM2 bound anionic ligands on various bacterial and yeast, but it was also shown to bind an unknown ligand on cultured astrocytomas (Daws et al., 2003) .
The importance of TREM2 in the brain has been demonstrated by the findings that a neurodegenerative disease called Nasu-Hakola disease [or polycystic lipomembranous osteodysplasia with sclerosing leukoencephalopathy (PLOSL)] develops in individuals with a loss or mutation in TREM2 or its signaling adapter protein DAP12. This rare disorder causes dementia, sei-zures, and death, demonstrating that TREM2 is necessary for the maintenance of brain homeostasis (Numasawa et al., 2011) . In addition, mutations in the TREM2 gene have also been linked to Alzheimer's disease (Guerreiro and Hardy, 2013) . The role of TREM2 in ischemic brain injury is largely unstudied, and the endogenous ligand for TREM2 in the brain is unknown. We previously showed that TREM2 is upregulated by brain ischemia and is also associated with increased expression on microglia/macrophages under conditions of therapeutic hypothermia (Kawabori et al., 2013b) . Here, we explore whether TREM2 is involved in phagocytosis in brain ischemia, and whether TREM2 deficiency worsens the injury following experimental stroke. We also attempt to identify a potential ligand for TREM2 in the ischemic brain.
Materials and Methods
All experimental procedures were approved by the San Francisco Veterans Affairs Medical Center Institutional Animal Care and Use Committee, and were in accordance with National Institutes of Health guidelines.
Brain cell cultures and oxygen glucose deprivation
Primary neuron-astrocyte-microglia cultures (NAM) were prepared using previously established methods from our laboratory (Lee et al., 2001; Webster et al., 2013) . Mixed glial cultures were prepared from C57BL/6 postnatal day 1 (P1) to P3 mouse pups for the following two purposes: to prepare enriched astroglia cultures and to harvest microglia. To prepare enriched astrocytes, mitosis inhibitor (25 M cytosine ␤-D-arabinofuranoside for 48 h) was used at 8 d in vitro (DIV) to eliminate microglia. When astrocytes were 14 DIV, primary neurons were prepared from E16 C57BL/6 mouse embryos and plated on top of astrocytes. When neurons were 8 DIV, primary microglia were harvested from mixed glia cultures (that were not treated with mitosis inhibitor and were fed continuously with 10% sera) by a previously described method (Kauppinen and Swanson, 2005) and plated on top of the neuron-astrocyte (NA) cultures at a density of 1-3 ϫ 10 4 cells/ml or at an approximate microglia/neuron/astrocyte ratio of 1:10:10; and were allowed to stabilize for 24 h. All cells were plated at the same density at the beginning of each experiment, and microglia were counted to ensure consistent densities before plating on top of neurons. In other experiments where large numbers of cells were required, Neuro-2A cells (neuron cell line) and BV2 cells (a murine microglial cell line) were plated at similar densities. All cultures were maintained in a 5% CO 2 chamber.
To simulate ischemic conditions, cultures were exposed to oxygen glucose deprivation (OGD), as previously described (Lee et al., 2001 ). Cultures were maintained in an anoxic chamber for 1 h at 37°C, unless otherwise specified, and oxygen tension was maintained at Ͻ0.001% (Coy Laboratories). Media were removed, and cultures were washed three times with balanced salt solution lacking serum or glucose, or oxygen (BSS0). Control cultures were incubated under normoxia with balanced salt solution containing 5.5 mM glucose (BSS5.5). After 1 h of OGD, glucose was added to each well to a final concentration of 5.5 mM, and plates were incubated at normoxia in a regular incubator for 23 h at 5% CO 2 at 37°C ("reperfusion").
Gene knockdown in microglial cells
TREM2 gene knockdown was accomplished using a lentiviral vector in primary microglial cells. The mixed glial cultures were transduced with a lentiviral TREM2 RNAi system, as previously described (Hsieh et al., 2009) . Briefly, at 10 DIV the cells were incubated with lentiviral TREM2 shRNA (TREM2 shRNA-GFP 3.7; 5Ј-GAAGCGGAATGGGAGCACA-3Ј) or control empty virus (GFP 3.7) in MEM supplemented with 10% fetal bovine serum (FBS; HyClone) for 24 h, after which cultures received a complete change of medium. Cultures were allowed to rest another 24 h before microglia were harvested from these cultures and plated onto NA cultures. NAM cultures were used for experiments 24 h later. Gene knockdown was also performed in BV2 cells, as previously described (Webster et al., 2013) . BV2 cells were cultured in RPMI media [University of California, San Francisco (UCSF) Cell Culture Facility, San Francisco, CA], supplemented with 10% FBS (Hyclone) and penicillin/ streptomycin. BV2 cells were transfected with TREM2 or control siRNA. In serum-free OptiMEM media (UCSF Cell Culture Facility), Lipofectamine (Invitrogen) reagent was incubated for 15 min at a concentration of 3.6 l of reagent to 1.5 ml of OptiMEM. Concurrently, PLUS reagent (Invitrogen) 15 l/1.5 ml was mixed with the siRNA at a concentration derived from 10.8 l of siRNA (Ambion) from a stock of 50 M/1.5 ml OptiMem or 5.4 l siRNA, when two different targets of the same gene were used. The final concentration of siRNA was 30 nM. The 1.5 ml of OptiMEM containing Lipofectamine was mixed and incubated for 30 min with the equivalent volume of OptiMEM containing the siRNA and PLUS reagent. BV2 cells were then washed with PBS, trypsinized (0.25% Trypsin, UCSF Cell Culture Facility), and plated at 1.25 ϫ 10 5 cells in wells of a six-well plate containing 0.5 ml of the mixture of transfection reagent and siRNAs for reverse transfection. Cells were allowed to freely float in reagent until they adhered to the bottom of the plate. OptiMEM, 0.5 ml, was added to each well so that the final concentration of siRNA was 300 nM. The BV2 cells were allowed to incubate in the reagent for 4 h at 37°C in 5% CO 2 , then the media were exchanged with antibiotic-free RPMI medium plus 10% FBS.
Microglial activation and neuronal viability
The activation status of the microglia was determined based on their morphology, which was assessed by phase contrast microscopy. Microglia with two or more thin processes were considered ramified; and resting microglia and microglia with less than two processes or with amoeboid cell soma, were classified as activated (Kauppinen and Swanson, 2005) . The numbers of resting and activated microglia were counted in five randomly selected fields per culture well. Neuronal survival was assessed by counting neuronal somas in five randomly selected phase contrast microscopic fields per culture well (Kauppinen et al., 2011) . Values were normalized to counts in control wells (Ctrl-NA) from the same 24-well plate.
Phagocytosis assay
BV2 microglial cultures were plated on poly-L-lysine-coated 12-well plates and were grown to subconfluence DMEM (Invitrogen) supplemented with 10% FBS (Hyclone). In parallel, Neuro-2A cells were plated on 25 cm 2 tissue culture flasks and were grown in DMEM supplemented with 10% FBS. All tissue culture medium was supplemented with 100 U/ml penicillin G and 100 g/ml streptomycin (Invitrogen), as previously described . Cells were left to adhere overnight and then were switched to serum-free media when target cells were added for the phagocytosis assay. To initiate the phagocytosis assay, Neuro-2A cells were first loaded with CM-DiI dye for 30 min, then media were removed. Cells were then washed with PBS to eliminate free dye in the media. Stained Neuro-2A cells were then exposed to 2 h of OGD followed by 22 h of reperfusion, as described above. Injured neurons and cellular debris were collected by centrifugation and washed three times with PBS to remove any background fluorescence from the media. Injured Neuro-2A cells were then resuspended in serum-free media and seeded on top of the BV2 cells transfected with either control siRNA or siRNA against TREM2. Cells were incubated for 1 h at 37°C in a CO 2 incubator. Thereafter, ice-cold PBS was added to arrest the phagocytosis reaction and neuronal uptake. Cells were washed three times to remove unphagocytosed floating cells and debris. Microglia were examined by fluorescence microscopy. Phagocytosis of neurons was evaluated by the number of DiI (red fluorescent)-positive BV2 cells. Digital images of randomly selected fields were captured, and the number of engulfed cells was counted as a positive index of phagocytosis using a Zeiss Axiovert 40 CFL fluorescence microscope. Phagocytosis of OGD-exposed neurons were compared from BV2 cells with or without intact TREM2.
TREM2 reporter assay
The BWZ thymoma reporter cell line (a gift from Dr. Nilabh Shastri, University of California, Berkeley, Berkeley, CA), which expresses lacZ under the control of the NFAT promoter, was transfected with lentivirus to coexpress TREM2 and DAP12 (Hsieh et al., 2009) . A TREM2/DAP12-expressing BWZ cell clone (BWZ/TREM2/DAP12) was used to assay binding and functional triggering of TREM2 signaling. BWZ/TREM2/ DAP12 cells or, as a control, parental BWZ cells were plated at 1 ϫ 10 6 cells/ml in 96-well plates. Neuro-2A cells were subjected to OGD for 1 h followed by 24 h of reperfusion. Subcellular fractions were obtained by differential centrifugation. Briefly, cells were resuspended in fractionation buffer (250 mM sucrose, 20 mM HEPES, 10 mM KCl, 1.5 mM MgCl2) then were lysed by passing through a 25 ga needle 10 times. Lysate was equilibrated on ice for 20 min. Nuclei were pelleted at 720 ϫ g for 5 min. The remaining supernatant was cleared at 10,000 ϫ g for 30 min into mitochondria and cytosol fractions. DNA was also purified from whole Neuro-2A cells using a Qiagen DNeasy kit. Reporter cells were stimulated with 10 l of Neuro-2A conditioned media or subcellular fractions for 16 h at 37°C, washed, and lysed in a buffer containing 100 mM 2-ME, 9 mM MgCl 2 , 0.125% NP-40, and 30 mM chlorophenol red galactosidase. Plates were developed at 37°C, and lacZ activity was measured as previously described (Sanderson and Shastri, 1994) .
Animal models
Male TREM2 knock-out (KO) mice and wild-type (WT) littermates were originally generated by M. Colonna (Washington University, St. Louis, MO), who made them available to us. Mice were backcrossed for five generations, and animals were genotyped according to protocols provided by the Colonna laboratory (Colonna, 2003) . Immunostaining for TREM2 documented the absence of TREM2 protein in the brains of KO mice. Cerebral vasculature was delineated by the injection of carbon black, and plasticity of the posterior communicating arteries (Kawase et al., 1999; Webster et al., 2013) . Wild-type male littermates and wild-type male C57BL/6 mice (genetic background of the KO colony) were also compared for any differences in brain and cerebrovascular anatomy. Pilot studies of the stroke model were also performed to determine whether there were any differences between C57BL/6 mice and WT littermates for lesion size, behavior, and cerebral blood flow (CBF; see below for methods used), and none were found (data not shown). Thus, C57BL/6 mice (WT mice) were used for comparison to the KO mice.
Mouse stroke model
All surgical techniques were performed under aseptic conditions. For the study, 8-to 10-week-old KO and WT mice weighing 20 -25 g were used. Anesthesia was induced by inhalation of 3.0% isoflurane in N2/O 2 (80%: 20%); a surgical procedure was performed under spontaneous ventilation in 2.0 -2.5% isoflurane in N2/O 2 (80%:20%). Surgical planes of anesthesia were assessed by the absence of hindleg withdrawal in response to a pinch. A 1 cm skin incision was created between the left margin of the orbit and the tragus, and the temporalis muscle was incised. A focal cerebral infarct was induced by permanent occlusion of the distal left middle cerebral artery (dMCAO) as previously described (Kawabori et al., 2013a,b) . A small craniotomy was made above the proximal segment of middle cerebral artery (MCA), and the MCA was exposed after the dura was opened and retracted. The MCA was occluded by coagulation at the MCA segment just proximal to the olfactory branch, which was consistently present. Rectal temperature was maintained between 36.5°C and 37.5°C during the procedures by using a thermometer connected to a heating pad (Harvard Apparatus). To confirm whether there were differences between genotypes in CBF reduction during MCA occlusion or not, CBFs of a separate set of six mice were studied. CBF was studied using laser Doppler flowmetry (OXYLAB LIF, OXFORD OPTRONIX). Two 1.5 mm holes were drilled 3 mm lateral and 1 mm caudal from bregma, and the dura was opened carefully. The laser Doppler probe was secured perpendicular to the brain surface. Ten readings (2 s apart) of local CBF (lCBF) were collected from the digital display of the laser Doppler flowmetry unit and were averaged to provide an lCBF value. The initial CBF reading was recorded as 100%, and subsequent flow changes (5 and 30 min post-MCAO) were expressed relative to this value, as previously described (Webster et al., 2013) . At the end of the surgical procedure, incision sites were closed and animals were allowed to recover. Mice were returned to their cages and allowed free access to food and water, and were housed in a climate-controlled environment (25°C).
Behavior studies
Bederson score. The Bederson score was modified for use in mice, as previously reported (Yenari et al., 2006; Tang et al., 2007 Tang et al., , 2011 ; grade 0 ϭ no observable neurological deficit; grade 1 ϭ unable to extend the contralateral forelimb; grade 2 ϭ flexion of the contralateral forelimb; grade 3 ϭ mild circling to the contralateral side; grade 4 ϭ severe circling; and grade 5 ϭ falling to the contralateral side).
Ladder test. The ladder test was performed as described previously (Tang et al., 2007) . A ladder composed of 40 rungs with a 1 mm diameter and 2 cm intervals was constructed. The ladder was placed between two transparent acrylic walls spaced 4 cm apart, so that once the mouse was placed on the ladder, it could only move straight ahead. The ladder was placed at a 30°slope, and the animal was encouraged to move forward and upward. Each weight-bearing step was recorded by a video camera placed underneath the ladder. The number of forelimb faults associated with each weight bearing step was then reviewed and tabulated.
Histological examination
After animals were killed with a anesthesia overdose, they were perfused with ice-cold PBS, and the brain was harvested. Brains were sunk in 20% sucrose overnight and frozen at Ϫ80°C and stored until use. Fresh-frozen sections were cryosectioned in the coronal plane (25 m thick).
Histochemistry and fluorescent microscopy
Brain sections were stained with cresyl violet to measure infarct size and brain resorption/atrophy as previously described (Kawabori et al., 2012 (Kawabori et al., , 2013b . Coronal sections from six brain regions (between 1.5 mm anterior and 1.5 mm posterior to the bregma) were collected at 500 m intervals throughout the ischemic lesion and stained with cresyl violet. The infarct areas in each section were measured using an image analysis system (ImageJ) and calculated by subtracting the normal ipsilateral area from that of the contralateral hemisphere to reduce errors due to cerebral swelling (n ϭ 8 each). Tissue sections were immunostained for TREM2 (1:10; MAB17291, R&D Systems), and its ligands were identified by the application of TREM2 fusion protein. TREM2 fusion protein is purified TREM2 covalently linked to human Fc (50 g/500 l; 1729-T2, R&D Systems). In some cases, the fusion protein was labeled with Texas red ( per Nick Cairns, Combinex). Sections were colabeled with the neuronal marker NeuN (1:50; Millipore) or the CD11b microglial/monocyte marker (1:50; ab75476, Abcam), then reacted with fluorescently labeled secondary antibodies. Activated microglia and phagocytic microglia were also identified using peroxidase-labeled Griffonia simplicifolia isolectin-B4 (IB4) (10 g/ml; L5391, Sigma), or with CD68 rat antimouse monoclonal antibody (1:200; ab53444, Abcam), respectively, followed by diaminobenzidine (Vector Laboratories). The sections were then counterstained with hematoxylin. Oil red O staining (O0625, Sigma) was used to visualize the lipid-rich foamy macrophages according to the instructions of the manufacturer followed by hematoxylin counterstaining. TUNEL staining was performed to delineate any interactions between phagocytic microglia (CD68) and necrotic/apoptotic cells according to the directions of the manufacturer (S7100, Millipore). To assess the extent of angiogenesis after ischemia, the density of the collagen IV (1:100; ab6586, Abcam)-positive microvessels were examined as previously described (Ito et al., 2012) . The expression of reactive glia, glial scarring, and glial cells was examined using an antibody against GFAP (1:100; catalog #3655, Cell Signaling Technology), and neurons were examined using an antibody against MAP2 (1:200; AB2290A4, Millipore), as previously described (Kawabori et al., 2013a) . Positive cells were countered under optical microscopy (BX-53 microscope, Olympus) or laser confocal microscopy (LSM510, Zeiss), as previously described (Tang et al., 2011; Kawabori et al., 2013b) . Briefly, a section 1 mm anterior to the bregma was used to quantify the cell numbers, and the positive cells were optically counted from its five random nonoverlapping 400ϫ high-power fields (HPFs) within the cortex adjacent to the outer boundary of the infarct, as delineated by hematoxylin in four mice for each groups. In the case of dense cell aggregation, the cells were counted based on the presence of nuclear staining by hematoxylin with DAB surrounding cytoplasm. Semi-quantification of the immunofluorescent studies was conducted by choosing a random non-overlapping 200ϫ high-power field near the infarct boundary. Then, the area of positive signal was binarized (as a black signal on a white background) and quantified using an image analysis system (ImageJ), as previously described (Ito et al., 2012) .
Modified chromatin immunoprecipitation assay
Modified chromatin immunoprecipitation (ChIP) assays were conducted to clarify whether nucleic acids might be an endogenous ligand for TREM2 according to the instructions of the manufacturer (Miltenyi Biotec) with modifications. Whole mouse brains were obtained 7 d postdMCAO, separated into hemispheres, then snap frozen in liquid nitrogen. Hemispheres were thawed in cold fractionation buffer (320 nM sucrose, 20 mM HEPES 7.4, 1 mM EGTA, 1 mM PMSF, protease inhibitor cocktail; catalog #8340, Sigma) then homogenized. Debris and nuclei were cleared at 800 ϫ g at 4°C for 30 min. Homogenate (100 l) was then incubated with 2 g of TREM2 fusion protein with human Fc overnight, cross-linked with 5 l of 2% glutaraldehyde, then quenched with 10 l 10 M Tris-HCl, pH 8. After 50 l of protein G microbeads were added (Miltenyi Biotech) and protein G microbead TREM2Fc conjugates were isolated using the Miltenyi uMacs Separator and uColumns according to the instructions of the manufacturer. Immunoprecipitates were washed and eluted by 50 mM Tris HCl and were run with 2% agarose gel containing SYBR green.
Statistical analysis
All experimental groups were studied in a randomized fashion, and ratings and lesion analyses were performed by investigators blinded to the experimental conditions. All statistical analyses were performed using SigmaStat version 3.1 (Systat Software). Quantitative data were presented as the mean Ϯ SE. The differences between the two groups were compared using an unpaired t test, and multiple comparisons were performed using one-way ANOVA followed by Bonferroni's post hoc test. A p value of Ͻ0.05 was considered to be statistically significant.
Results
Microglia deficient in TREM2 showed less activation and failed to phagocytose OGD-exposed neurons Primary mixed cultures of neurons, astrocytes, and microglia were prepared and exposed to OGD. OGD led to decreased neuron survival, and this was exacerbated in the presence of microglia. TREM2 deficiency did not affect neuron survival at 24 h post-OGD exposure (Fig. 1A-E) . Morphology among TREM2-deficient microglia was significantly more ramified (Fig. 1 D, F ) compared with the WT microglia, which tended to assume a more amoeboid morphology (Fig. 1C,F ) . TREM2 knockdown with RNAi reduces microglial activation, but does not affect acute neuron survival. Primary NA cultures with and without microglia were prepared. TREM2 was knocked down by RNAi or control RNAi, and some cultures were exposed to 1 h OGD followed by 24 h reperfusion at normoxia and 5.5 mM added glucose. A, NA uninjured cultures (Ctrl-NA). B, NA cultures exposed to OGD for 1 h and reperfusion for 24 h. C, NAM cultures (control RNAi) after OGD [OGD NAM (WT)]. D, NA cultures plus TREM2-deficient microglia were subjected to OGD (OGD NAM TREM2). Neuronal processes were more fragmented in the absence of microglia or TREM2-deficient microglia. Higher-power micrographs (a-d) show neuronal processes and/or microglial morphology under the different conditions described in A-D. Arrowheads show microglia, where they appear amoeboid (c, OGD, control RNAi) and ramified (d, OGD, TREM2 RNAi). E, Neuronal survival/viability is decreased by OGD in all cases. The addition of microglia, whether with intact TREM2 (WT) or deficient in TREM2 (TREM2 RNAi), led to decreased neuron survival. F, Microglial activation, as assessed by the transformation of resting (ramified) microglia into amoeboid microglia, is increased by OGD and markedly decreased in TREM2 deficiency. #p Ͻ 0.01 compared with control conditions; *p Ͻ 0.01 as indicated, n ϭ 4/group.
We then assessed the phagocytic function of microglial TREM2 when treated with OGD-exposed neurons. Microglial BV2 cells were subjected to TREM2 gene knockdown using siRNA. Control BV2 cells were transfected with scrambled siRNA. CM-DiI-loaded neuro 2A cells were exposed to OGD then transferred to the BV2 cells. Control microglial BV2 cells took up injured neurons, as evidenced by the abundance of CM-DiI-positive BV2 cells (Fig. 2A) . In contrast, TREM2-deficient microglia (Fig. 2B) showed significantly blunted phagocytosis of the injured cells (Fig. 2C) .
Expression of TREM2 and its ligand in experimental stroke
Brain sections of WT mice were stained with an antibody against TREM2 and TREM2-Fc fusion protein labeled with Texas red plus cell-type markers. TREM2 was highly expressed in the ipsilateral ischemic brain within the peri-infarct zones (Fig. 3 B, D) ; few TREM2-positive cells were observed on the contralateral nonischemic side (Fig. 3A,C) . Furthermore, TREM2-positive cells colocalized to CD11b-positive microglia (Fig. 3B, arrows) , but not to NeuN-positive neurons (Fig. 3D) . The time course of TREM2 expression was shown to peak at 7 d after ischemia, with positive cells still present at 14 d, and few positive cells present by 30 d (Fig. 3E) .
To determine whether the ischemic brain contained a ligand for TREM2, we used a TREM2 fusion protein labeled with Texas red to identify TREM2 binding partners. Upregulation of a TREM2 ligand was found in the ischemic brain (Fig. 4B) . Lack of fusion protein binding in the contralateral, uninjured side is shown for comparison (Fig. 4A ). TREM2 fusion protein was bound to neurons after ischemia (Fig. 4G-J) , while little TREM2 binding was observed in the nonischemic brain (Fig. 4C-F) . These data suggest that ischemic neurons express a ligand to which TREM2 binds.
TREM2 KO mice had worsened neurological recovery and less brain resorption
Carbon black perfusion failed to show any significant differences in the cerebral vasculature of TREM KO and WT mice (data not shown). No obvious behavioral phenotype was noted in the TREM2 KO mice before injury. There was no difference in lCBF during the surgery, as monitored by laser Doppler flowmetry between the groups (5 and 30 min post-dMCAO consecutively: Figure 2 . TREM2 deficiency blunts phagocytosis of OGD-exposed neurons by microglia. Lysates from CM-DiI-loaded, OGD-exposed neuro 2A cells were applied to BV2 microglia. A, BV2 cells with intact TREM2 show avid uptake of neuro 2A lysates (red). B, When TREM2 was knocked down using siRNA, fewer microglia took up neuron 2A lysates, as evidenced by less red staining. C, Counts of positive red cells, which indicate that TREM2 is required for the uptake of OGD-exposed neuro 2A cells. Scale bar, 100 m. Data are mean Ϯ SEM. *p Ͻ 0.05. WT mice, 29.8 Ϯ 8.2% and 28.1 Ϯ 8.7%; KO mice, 23.9 Ϯ 12.2% and 23.0 Ϯ 5.5%). Brains of TREM2 KO (Fig. 5B ) mice had very little to no TREM2 protein compared with WT mice (Fig. 5A) . WT mice showed marked brain resorption post-dMCAO at day 14 (Fig. 5C,E , arrowheads indicate the area of resorption), while TREM2 KO mice showed less resorption (Fig. 5D,E, arrow) . The fraction of residual ischemic brain at day 14 was 28.1 Ϯ 2.9% in the WT group, compared with 89.9 Ϯ 8.8% in the TREM2 KO group (Fig. 5G) . Further, overall infarct size was no different between groups at day 1 (WT mice, 22.2 Ϯ 4.3%; KO mice, 20.9 Ϯ 1.4%), but was significantly larger in the KO group at day 14 (31.5 Ϯ 2.7%) compared with the WT group on day 14 (22.1 Ϯ 2.3%; Fig. 5H ).
Consistent with histological observations, TREM2 KO mice showed worsened neurological deficits in both the Bederson score and performance on the ladder test (Fig. 6 A, B) .
Activated microglia and phagocytes were decreased in TREM2 KO mice
Activated microglia identified by IB4 staining were counted at the infarct border (Fig. 7A-D) . The number of activated microglia (as identified by dark IB4 staining) was significantly decreased in the TREM2 KO group (Fig. 7 B, D, 39 .3 Ϯ 3.1 cells/HPF) compared with the WT group (Fig. 7 A, C, 135.3 Ϯ 16.8 cells/HPF) . This is shown graphically in Figure 7G . Consistent with this result, phagocytic microglia, detected by CD68 staining (WT mice, Fig. 7E ; KO mice, Fig. 7F ) were also significantly decreased in TREM2 KO groups (KO mice, 52.8 Ϯ 4.3 cells/HPF; WT mice, 105 Ϯ 10.2 cells/HPF; Fig. 7H ). Oil red O staining was used to delineate intracellular lipids within phagocytes ("foamy macrophages") as an indicator of ischemic brain uptake. Numerous lipid-rich foamy macrophages were found at around the infarction border in the WT mice (48.3 Ϯ 4.1 cells/HPF; Fig. 8 A, C) , while there were almost no foamy macrophages found in the TREM2 KO group (0.3 Ϯ 0.3 cells/HPF; Fig. 8 B, D) . This indicates that phagocytosis of the ischemic brain was markedly impaired in the TREM2 KO mice (Fig. 8E) .
Colabeling with CD68 to identify phagocytes and with TUNEL to identify dying cells was performed to document phagocytosis of injured cells. 3D confocal imaging showed that CD68-positive phagocytes frequently contacted TUNEL-positive cells in WT brains (37.5 Ϯ 1.1%; Fig. 9A-C) . In contrast, CD68-positive cells often remained separate from TUNEL-positive cells in the brains of TREM2 KO mice (3.8 Ϯ 1.1%; Fig. 9D-F ) . The proportion of CD68-positive cells contacting TUNEL-positive mice (B, D) . E, Numbers of red foam cells were nearly absent in the TREM2 KO mice (KO), and would suggest that phagocytosis of the injured brain cells was significantly impaired in these mice. Scale bar, 40 m. **p Ͻ 0.01, n ϭ 8/group. cells was much lower in the TREM2 KO ischemic brains compared with WT brains (Fig. 9G) , suggesting that microglia phagocytose injured cells, and this is dependent upon TREM2. CD68-positive phagocytes appear to contact both neurons and astrocytes, although the extent of contact with astrocytes was much less than that of neurons (Fig. 9H,I ).
Angiogenesis but not reactive glial scarring was decreased in TREM2 KO mice
To identify the relationship between the microglia/macrophage debris clearance and functional outcome, angiogenesis and reactive glial staining were examined. Collagen IV-positive parenchymal microvessels were significantly increased in the WT group (6.4 Ϯ 0.5%; Fig. 10 A, C) compared with the KO group (4.5 Ϯ 0.2%; Fig. 10 B, D) at the infarct border ( Fig. 10E; p Ͻ 0.01) . The extent of glial scarring, as assessed by GFAP staining, at the infarct border was somewhat decreased in the KO group (Fig. 10G,I ) compared with the WT group, but was not statistically different.
Potential endogenous ligand of TREM2 in brain ischemia
To determine potential binding partners of TREM2 in the ischemic brain, we reacted the TREM2 fusion protein with samples of ischemic brain to pull down potential molecules that bound TREM2. Since nucleic acids have previously been shown to bind various innate immune receptors, including the Toll-like receptors (TLRs), we performed a modified ChIP assay. This assay was performed on whole-brain lysates of the ischemic hemisphere 7 d after ischemic insult. This assay showed that TREM2 fusion protein associated with high-molecular-weight nucleic acids (Fig. 11A) .
We then used an in vitro assay to validate whether nucleic acids are capable of eliciting functional TREM2 signaling. BWZ reporter cells, which express lacZ under the NFAT promoter, were generated to overexpress TREM2 and DAP12, as previously described (Charles et al., 2008; Hsieh et al., 2009 ). Binding and activation of TREM2 signaling was monitored by ␤-galactosidase expression. Neuro 2A cells were exposed to OGD, and conditioned media, cell extracts from the cytosol, mitochondria, nuclei, as well as purified DNA were cultured with the BWZ reporter cells as well as unmodified BWZ cells as controls. BWZ cells not receiving any samples, but left in their original media, were used as "untreated" controls. Conditioned media, as well as cell lysates from the nuclear and mitochondrial fractions, led to increased TREM2 signaling on the reporter cell line compared with unmodified BWZ cells, whereas conditioned media from cells not exposed to OGD as well as samples from the cytosol failed to elicit TREM2 signaling (Fig. 11B) . These results suggest that nucleic acids are capable of eliciting TREM2 signaling.
Discussion
In this study, we provide several pieces of evidence to support the hypothesis that (1) microglial TREM2 is highly involved in the phagocytic activity following experimental stroke and is important in neurological recovery; and (2) a potential endogenous ligand for TREM2 might be extracellular nucleic acids.
Previous work identified microglia as the major brain cells expressing the highest levels of TREM2, (Schmid et al., 2002; Sessa et al., 2004) , and TREM2 mediates microglial phagocytosis of apoptotic neurons in various neurological diseases (Takahashi et al., 2007; Hsieh et al., 2009; Neumann et al., 2009) . Phagocytosis of apoptotic cells appear to be dependent upon microglial TREM2. Whether microglia play a beneficial or detrimental role in brain diseases has not been fully elucidated, but likely carry out both roles, depending on the nature and timing of the insult. Several recent reports Iadecola and Anrather, 2011) have focused on the detrimental effects of microglia in acute brain injuries such as stroke, but there is clearly a balance between the damaging and beneficial properties. A recent report (Hu et al., 2012) showed that early after stroke, microglia and macrophages assume an anti-inflammatory, beneficial M2 phenotype, but transform into a proinflammatory detrimental M1 phenotype. Whether and how TREM2 participates in this phenotype switch is unknown, but it clearly seems to be involved in tissue recovery, as shown here. Several reports (Stoll et al., 2004; Schilling et al., 2005; Ito et al., 2007; Sierra et al., 2010) have shown that efficient clearance of tissue debris is critical in the reconstruction and reorganization of neuronal networks after injury. Schilling et al. (2005) disease (Jonsson et al., 2013) . Further, genetic disruptions of TREM2 or its adapter protein DAP12 has been associated with a degenerative brain disease [Nasu-Hakola disease (or PLOSL)]. This rare disorder causes dementia, seizures, and death (Bianchin et al., 2004) , supporting the notion that TREM2 is necessary for the maintenance of normal brain function. Autopsy studies of patients with this disorder revealed a sclerosing leukoencephalopathy with widespread microglial activation and microvascular angiopathy (Paloneva et al., 2001) . TREM2 also appears to signal through anti-inflammatory pathways, and its deficiency leads to uncontrolled inflammation in a model of experimental autoimmune encephalomyelitis (EAE; Piccio et al., 2007) .
In this study, we found that phagocytosis of injured brain was mostly abolished in the KO group, and infarct size was significantly larger in the KO animals. However, using a similar animal model, Sieber et al. (2013) failed to find differences in infarct size between TREM2 KO and WT animals subjected to experimental stroke. The reason for this difference remains unclear, but in their study, they applied 30 min MCA occlusion followed by reperfusion, compared with the current study, which applied permanent dMCAO. One possibility is that their study led to more infiltration of blood-borne immune cells during reperfusion compared with permanent MCAO, where fewer circulating immune cells have access to the ischemic brain. It is possible that macrophages in the brain in our model may have been more microglia predominant, whereas circulating macrophages that infiltrated the brain may have predominated in the study by Sieber et al. (2013) . A prior report (Schilling et al., 2005) suggested that the phagocytic activity of brain microglia is more robust than the phagocytic activity of blood-borne macrophages. Interestingly, both studies reported a reduction in proinflammatory responses in the setting of TREM2 deficiency, and this is in contrast to what may have been predicted given the anti-inflammatory properties previously ascribed to TREM2.
Microglial phagocytosis relies on specific receptors expressed on the cell surface and downstream signaling pathways that contribute to the reorganization and engulfment of harmful microparticles (Fu et al., 2014) . Different types of receptors on microglia have been shown to initiate and participate in phagocytosis (Aderem and Underhill, 1999) . TLRs have been more widely studied and constitute a family of innate immune receptors that are generally known to initiate proinflammatory signaling. Their inhibition or deficiency has largely been shown to be anti-inflammatory and neuroprotective (Shichita et al., 2012) . The TREM family of receptors, named because they have been detected exclusively on myeloid cells, has also been implicated in innate immune responses. TREM1 is known to trigger proinflammatory signals, while TREM2 leads to upregulation of antiinflammatory signals. A few reports (Takahashi et al., 2005; Hsieh et al., 2009) in noninfectious conditions have shown that TREM2 led to phagocytosis of apoptotic neurons. Our findings here suggest that this function of TREM2, that is, the clearing of damaged Figure 11 . Nucleic acids as a potential TREM2 ligand in ischemic brain. A, To identify potential ligands for TREM2 in ischemic brain, wild-type animals were subjected to experimental stroke and brains were probed with the TREM2 fusion protein to isolate potential binding partners. Since extracellular nucleic acids have been identified as ligands for other innate immune receptors, a modified ChIP assay was performed on fusion protein-probed lysates to delineate nucleic acids (SYBR green). Supernatant and pellet fractions were obtained from both ipsilateral and contralateral hemispheres 7 d post-dMCAO. A high-molecular-weight nucleic acid band was found to interact with the TREM2 fusion as shown in the agarose gel (arrow). Within ischemic brain, this highmolecular-weight band was observed in the supernatant as well as the pellet, whereas the band was only observed in the pellet fraction of the contralateral nonischemic hemisphere (lanes 1 and 3, pellet and supernatant of the ischemic hemisphere, respectively; lanes 2 and 4, pellet and supernatant of the contralateral hemisphere, respectively; lane 5, anti-human IgG control). B, A BWZ reporter cell line was used to assay TREM2 signaling in vitro. The BWZ lymphocyte cell line were modified to overexpress TREM2 linked to DAP12, NFAT, and and lacZ (BWZ-TD4 TREM2). In the presence of TREM2 ligand binding, activation can be assayed via ␤-gal expression. Neuro-2a cells were exposed to OGD, and lysates or conditioned media were applied to the reporter cells. Unmodified BWZ cells (BWZ BWZ) were used as negative controls. Untreated reporter and control BWZ cells were also used as negative controls. Conditioned media from OGD-exposed Neuro-2a cells led to increased TREM2 signaling, as evidenced by increased ␤-gal absorbance, compared with control media and media from uninjured Neuro-2a cells. To further suggest that nucleic acids may be responsible for TREM2 signaling, subcellular fractions were also applied to the BWZ control and reporter cells. Only fractions expected to contain nucleic acids led to increased signaling (nuclear, mitochondrial, and purified DNA), whereas fractions normally lacking nucleic acids (cytosolic) failed to signal. **p Ͻ 0.001 vs no injury; #p Ͻ 0.001 vs control BWZ cells. cells, may be important in setting the stage for eventual neurological recovery.
While the first recognized ligands for TREM2 included anionic molecules on bacteria and yeast, TREM2 was also found to bind an as yet unknown ligand in the brain (Daws et al., 2003) . Despite substantial effort in searching for endogenous ligands of TREM2 by several investigators, it has yet to be fully identified. One prior report suggested the 60 kDa heat shock protein (HSP60; Stefano et al., 2009 ); however, we were unable to show TREM2 activation when microglial BV2 cells were stimulated with HSP60 (data not shown), and HSP60 did not colocalize with the TREM2 in a model of experimental stroke (Kawabori et al., 2013b) . Further, the expression pattern of HSP60 did not parallel that of TREM2 in a model of therapeutic hypothermia in stroke. Here, we report that nucleic acids may be a potential TREM2 ligand in our ischemia model. We show that the TREM2 fusion protein associates with high-molecular-weight nucleic acids in ischemic brain, and OGD-exposed neurons elaborate a substance capable of eliciting TREM2 signaling. Further support of nucleic acids as a potential TREM2 ligand is that subcellular components likely to contain DNA or RNA (nuclear, mitochondrial) and purified DNA itself were similarly capable of causing TREM2 signaling using our reporter cell line. One possible scenario is that ischemia-injured brain cells lyse and release nucleic acids into the extracellular space, which can then bind TREM2 on neighboring microglia. This is not completely surprising, since nucleic acids are also known to bind and signal through TLRs and other innate immune receptors such as the purinergic receptors. The precise nucleic acids/nucleic acid sequences are unknown, but could be related to other previously identified danger-associated molecular patterns. More work is clearly needed in this area and should be the topic of future investigations.
In this study, we found that phagocytes deficient in TREM2 do not engulf apoptotic/necrotic cells, and this appears to impair the resorption of ischemic tissue. This is associated with worsened neurological recovery. However, TREM2 expression did not peak until 7 d after stroke, and yet, we saw improved neurological function as early as 1 d. While this could be explained by even lower levels of TREM2 in the brain performing phagocytic functions, it is also possible that TREM2 may be carrying out activities in addition to clearing dead cells. Neumann et al. (2008) reported that microglia phagocytose infiltrating neutrophils, and neutrophils are known to elaborate proinflammatory molecules and worsen outcome in ischemic stroke. Thus, TREM2 may be important in limiting the acute proinflammatory state after stroke. TREM2 is also thought to elaborate anti-inflammatory immune molecules, and TREM2 deficiency has been associated with uncontrolled proinflammatory responses (Takahashi et al., 2005) . Thus, some of the worsened outcomes in the TREM2 KO animals could be explained by exacerbated poststroke inflammation. However, we observed decreased microglial activation in our model, and Sieber et al. (2013) documented decreases in several proinflammatory cytokines and chemokines in the TREM2 KO brains. Thus, it is possible that the beneficial, phagocytic activities of TREM2 may be active in the ischemic brain before its peak expression. Regardless, TREM2 as a promoter of phagocytosis does appear to play a role in recovery. Phagocytosis of necrotic debris is also thought to be necessary for axon regeneration (Fu et al., 2014) , and intravenous administration of TREM2-rich stem cells facilitated brain repair in EAE (Takahashi et al., 2007) .
We report for the first time that TREM2 plays a role in the phagocytosis of the ischemically injured brain cells and is involved in neurological recovery. We suggest that TREM2 should be studied further in stroke and related brain injuries, and in neurodegenerative diseases. Its deficiency or genetic variants can lead to worsened outcome or increase disease risk.
